1. Introduction {#sec1}
===============

Nickel titanium (NiTi) shape memory alloys and stainless steel (SS) arch wires have been used in orthodontic clinics for a long time. NiTi shape memory alloy (SMA) wire has superelastic properties, but its low stiffness easily causes movement of anchorage teeth. Though the stiffness of the SS arch wire provides enough anchorage, it can easily cause alveolar bone absorption.^[@ref1]−[@ref3]^ Composite arch wire (CAW) is a new type of orthodontic arch wire in which NiTi and SS wires are soldered with a Cu interlayer by laser welding. Their application could effectively reduce the pain and simplify clinical practice. Its joint bending angle and tensile strength could reach 180° and 520 MPa. Its shape recovery ratio reaches 98%,^[@ref4]−[@ref6]^ and it has sufficient corrosion resistance and decent biocompatibility in neutral, acidic, and fluoridated artificial saliva (AS).^[@ref4],[@ref7],[@ref8]^

Saliva plays a significant role in the lubrication and friction reduction due to the presence of phosphates, proteins, and bicarbonates.^[@ref9]^ It is necessary to evaluate the corrosion resistance of biological alloys in the range of possible corrosive environments in actual use.^[@ref10]^ The biocompatibility of implant alloys is strongly related to the interfacial kinetics including the release of metals and binding of proteins.^[@ref10],[@ref11]^ Fibrinogen (Fb) is the coagulation factor with the highest concentration in the plasma, and the adsorption of Fb was considered a key factor in thrombus formation after the implantation of medical devices.^[@ref12],[@ref13]^ It has the effect of mediating the subsequent adherence of cells on the surface of biomaterials.^[@ref14]^ Mucins are a family of glycosylated proteins produced by epithelial tissues in the digestive and respiratory systems.^[@ref15],[@ref16]^ A key characteristic of mucins in oral is that they form gels and participate in the occurrence of dental caries as chemical barriers. Salivary analogues based on mucin have been considered ideal saliva substitutes.^[@ref15]^ Immunoglobulin G (IgG) is one of the main antibody isotypes, produced by plasma cells. It accounts for about 75% of the total content of immunoglobulins in serum and can bind to many types of pathogens to protect the body from infection.^[@ref17]^

In clinical applications, CAWs are under a continuous bending strain to correct misplaced teeth. It is important to explore the combined effect of proteins and bending strain on the corrosion resistance of laser welding CAWs with Cu interlayer. Moreover, the NiTi part of the CAW could release nickel ions due to corrosion, which may cause side reactions to local mucosal tissue or the whole body. The cytotoxicity of CAW under strain should also be studied. The objective of this study was to explore the effects of different proteins and continuous strain on the corrosion behavior, mechanisms, and cytotoxicity of CAWs in a simulated oral environment to provide a deep insight into their electrochemistry, topography, and cytotoxicity. The results of this study can be used as a reference for the improvement of promising CAWs and other advanced materials used in dentistry.

2. Results {#sec2}
==========

2.1. Microstructures of the CAW Components {#sec2.1}
------------------------------------------

The NiTi and SS sections of the CAW were soldered together with an interlayer of pure Cu. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the scanning electron microscopy (SEM) microstructures and energy-dispersive spectroscopy (EDS) components of the welding zone. The welding surface of Cu had a heterogeneous, smooth, and continuous appearance.

![Representative SEM image of (a) the welded CAW surface and (b--f) EDS results of individual elements.](ao0c00803_0001){#fig1}

2.2. Electrochemical Measurements {#sec2.2}
---------------------------------

The electrochemical behavior of the CAW is graphed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, and the detailed parameters are calculated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The corrosion potentials (*E*~corr~) of the protein groups were similar and higher than those of the simple AS. The values of the pitting potential (*E*~pit~) in the protein solution groups were higher than that in the AS, and the *E*~pit~ in the mucin group was the highest among the groups herein. The value between the breaking potential (*E*~b~) and *E*~corr~ (*E*~b~ -- *E*~corr~) in the mucin AS was the largest, whereas that in Fb AS was the smallest. The value of *i*~corr~ was higher in the protein groups than that in the simple AS. The value of *i*~corr~ in the mucin AS was the smallest among the groups herein, and the values of *E*~corr~ and *i*~corr~ in the IgG AS were similar to those in the Fb group. The cyclic polarization behavior of the CAW presented a hysteresis as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The value of *E*~b~ -- *E*~prot~ in the mucin group was the largest among the groups herein, and it was similar for the IgG AS and Fb AS.

![Potentiodynamic polarization behavior and typical cyclic polarization curves of CAW in different types of solutions: (a) polarization curves for the CAW in different solutions and (b) representative cyclic polarization curves of the CAW in different solutions.](ao0c00803_0002){#fig2}

###### *E*~b~ -- *E*~corr~, *E*~b~ -- *E*~prot~, and *i*~corr~ Values Calculated from the Potentiodynamic Polarization Curves[a](#t1fn1){ref-type="table-fn"}

  solution     *E*~b~ -- *E*~corr~ (mV/SCE)   *E*~b~ -- *E*~prot~ (mV/SCE)   *i*~corr~ (μA/cm^2^)
  ------------ ------------------------------ ------------------------------ ----------------------
  simple AS    674 (±23)                                                     1.02 (±0.09)
  mucin        808 (±29)                      421 (±16)                      1.17 (±0.18)
  IgG          552 (±17)                      219 (±14)                      5.82 (±0.35)
  fibrinogen   398 (±22)                      75 (±7)                        5.97 (±0.21)

Data are presented as mean ± standard deviation.

2.3. Surface Morphology, Weight Loss, and Release of Cu after Immersion Test {#sec2.3}
----------------------------------------------------------------------------

After the immersion test, the surface morphology of the Cu interlayer of the CAWs was detected by SEM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The numbers and depths of the corrosion pits in the protein group seem smaller than those in the simple AS. However, the interlayer under bending strain showed a rougher and more irregular surface morphology than that of the unstrained samples in the same type of solution. As the applied load increased, the corrosion loci increased in length and depth. The corrosion morphologies appeared less rough in the mucin groups than in the other groups at the same load. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h,k, the interface between the ruptured oxide layer and bare metal can also be seen. The corrosion pits consisted mostly of oxygen, carbon, calcium, and phosphorus. The microscopic morphologies of the interlayer determined by atomic force microscopy (AFM) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) showed small and dense shallow corrosive pits in the mucin AS. The morphology of the IgG AS and Fb AS was rough with large particles of sediment accompanied by deep corrosion cracks.

![Representative SEM images showing the surface morphology and EDS results of the CAWs after immersion in the AS for 28 days with different types of proteins under the indicated loading conditions: (a--d) simple AS, (e--h) Fb AS, (i--l) IgG AS, (m--p) mucin AS, and (q) EDS analysis of (i).](ao0c00803_0003){#fig3}

![Two-dimensional (2D) and three-dimensional (3D) microscopic morphologies obtained by AFM of the CAW samples immersed in the protein solutions: (a) 2D image of mucin AS, (b) 2D image of IgG AS, (c) 2D image of Fb AS, and (d--f) 3D images of (a--c), respectively.](ao0c00803_0004){#fig4}

The release of Cu and the weight loss were presented as percentages based on the specimen surface ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). With the increase of applied strain, the precipitation of copper ions increased, but the weight loss did not change substantially. The amounts of Cu release in the protein groups were smaller than that in the simple AS, and the smallest amount of Cu release among the protein groups was in the mucin group.

![Release of elemental Cu analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) and the percentage of the weight loss of the samples based on the specimen surface after immersion.](ao0c00803_0005){#fig5}

2.4. In Vitro Cytotoxicity of the CAW Extract {#sec2.4}
---------------------------------------------

In vitro cytotoxicity of the CAW corrosion products was evaluated, and the relative cell viability was calculated and presented as percentage ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The viability of the control was considered to be 100%. The viability of the cells cultured with the protein extract decreased compared to that in the negative control but higher than that in the simple AS. The vitality decreased gradually as the applied load increased. The viability of the mucin was the highest among the protein groups under the same external strain, but the differences were not statistically significant. The viability cultured in the CAW protein extract maintained a level greater than 70% over 48 h.

![Relative viability of L-929 cells compared to that in the negative control (Dulbecco's modified Eagle medium (DMEM) only) after 48 h of culture in the CAW extraction media.](ao0c00803_0006){#fig6}

3. Discussion {#sec3}
=============

Protein intake from food and the salivary secretion of digestive enzymes make saliva a complex system containing proteins. The strength and corrosion resistance of the Cu interlayer determined the clinical application performance of the CAW. The clinical application time of different sizes of arch wire is up to 2 months generally, and the corrosion test period was set to be 60 days in this study and the performance of Cu interlayer was observed. The composition of the material, homogeneity of the microstructure, and surface morphology make the anticorrosion ability, elemental release, and cytotoxicity of biomedical materials different. The electrochemical performance, such as breakdown of the oxide layer, has been hindered in the presence of proteins.^[@ref18]^ During electrochemical testing, the high values of *E*~corr~ in the protein groups indicated that the corrosion resistance was improved by protein.^[@ref19],[@ref20]^ The highest *E*~pit~ of the mucin group suggested that the pitting corrosion tendency decreased in that solution. The largest *E*~b~ -- *E*~corr~ in the mucin AS further illustrated that the pitting corrosion stability was higher. The value of *i*~corr~ in the protein group was higher since the protein was an electrolyte and could contribute to the corrosion. The lowest *i*~corr~ value of the mucin AS indicates that the corrosion rate was the slowest among the protein groups. During cyclic polarization, the highest *E*~b~ -- *E*~prot~ of the mucin group and the lowest of the Fb group indicate that the repair capacity of the passive film in the mucin AS was strong, while that in the Fb AS was relatively weak.

After 60 days of immersion, the corrosion pits in the protein groups exhibited small and circumscribed loci, indicating that the corrosion resistance increased when the proteins were present. The weight loss was similar to that in the simple AS since the weight loss during corrosion might have been counteracted by the deposition of proteins on the surface. The release of Cu in the protein solution was smaller, which suggested that the progress of corrosion was inhibited. Among the groups herein, the smallest ion release appeared in the mucin group, which further confirmed that the corrosion of the CAW in the mucin AS decreased. Other research found that mucin adsorption could decrease the metal release of stainless steel (AISI 316)^[@ref21]^ and hinder the corrosion of an AZ31 magnesium alloy,^[@ref22]^ which also agrees with our results.

Clinical observations have shown that frequent breakage happened in orthodontic wires because of the corrosion exposure in oral. The corrosion resistance of the alloys originated from both their anticorrosion ability and the self-healing capability of the passive layer. A bending strain could induce the deformation of the oxide film, generate an initial cracking point that then spreads along the wire, and provide space for H^+^ or other invasive ions to penetrate the material. Then, the damage would cause loss of this protection and allow corrosive solutions to react and erode the metal below. The cracks leave the metal underneath exposed and accelerate corrosion. The strain deformation accelerates the rupture and inhibits the process of self-healing or repair of the passive film, as demonstrated by the interface between the ruptured oxide layer and bare metal shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h,k. Therefore, this was the reason for the increase in the severity of the corrosion as the strain increased. According to AFM results, the oxide film deposited by the aggregation of the different proteins formed different morphologies, leading to different anticorrosion abilities of the CAWs.

According to the results, we elucidated how the proteins might interact with the corrosion process ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). In the simple AS without the proteins, the main component of the passive layer of the CAW was the oxide of Cu. During the formation of the oxide film, some of the calcium and phosphorus in the AS were simultaneously deposited.^[@ref4]^ When the proteins participated in the corrosion process, they competed with the oxygen to bind copper ions. This is the reason for the increased dissolution of Cu and aggravated corrosion when the interface was exposed to a protein solution first. However, soon after the protein adsorbed and occupied the surface, the equilibrium of dissolution and adsorption was established. At this time, the interface was composed of a protein, oxygen, and copper. Of course, the following process was also accompanied by the deposition of calcium and phosphorus, while the areas with the deposition tended to form corrosive pits, due to the chelation and electrostatic adsorption of the protein molecules. Therefore, to a certain extent, the deposited film hindered the dissolution of copper below and played a protective role.

![Schematic corrosion diagram of CAW in protein AS: (a) the protein participates in the corrosion process with oxygen; (b) the protein molecules compete with oxygen to bind copper ions; (c) the protein and oxygen participate in the formation of a passive layer and the Cu begins to dissolve; and (d) the protein and oxygen absorb and constitute the protective layer to prevent further Cu release from the interlayer of the CAW.](ao0c00803_0007){#fig7}

In cytotoxicity tests, the viability of cells cultured with corrosion products was all lower than that negative control but higher than that in the simple AS under the same external strain. The viability of the mucin group relatively increased, which indicates that mucin could reduce the toxic components to a certain extent. The vitality of cells decreased gradually as the applied load increased, which suggests that the corrosion progress aggravated, and the amount of harmful corrosion products accumulated. In summary, the viability of the cells even under extreme strain remained greater than 60%, indicating that CAW was not highly toxic. By evaluating the toxicity of the corrosion products, not only the biosafety could be evaluated but also the corrosion process of CAW could be speculated. This provides a new path and reference for the biocompatibility detection and surface modification of medical materials. The results in this study provide foundational information to predict the corrosion behavior of CAWs under the dual effects of protein exposure and bending strain for future in vivo studies.

4. Conclusions {#sec4}
==============

The corrosion resistance of the CAW was improved by the presence of the proteins. The repair capacity of the passive film on the surface in the mucin AS was strong, while that in the Fb was relatively weak. The toxicity of the corrosion extract was aggravated as the strain increased. The addition of mucin partly inhibited the progress of the corrosion and reduced the toxicity of the corrosion products. Under the combination of protein exposure and strain loads, the CAW demonstrated a considerable corrosion resistance to complete clinical function.

5. Experimental Section {#sec5}
=======================

5.1. Materials and Sample Preparation {#sec5.1}
-------------------------------------

The base metals in this investigation were Ti--44.73 wt % NiTi SMA wire and Fe--18Cr--8Ni SS. The dimensions of the wires were 25 mm (length) × 0.64 mm (width) × 0.48 mm (thickness). The wires were placed on an end-to-end welding fixture with pure Cu as the interlayer and welded by a Nd:YAG laser welding system (JHM-1GY 300B), as described in a previous study ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a).^[@ref4]−[@ref8]^

![Schematic diagram of (a) the CAW assembly by laser welding and (b) the device used to apply three-point bending forces to the CAW samples.](ao0c00803_0008){#fig8}

5.2. Test Solution Preparation, Immersion Tests, and Strain Conditions {#sec5.2}
----------------------------------------------------------------------

The components in the AS were prepared as described in a previous study.^[@ref6]−[@ref8]^ The concentration of Fb, IgG, and mucin (Sigma) was 40 mg/L. A three-point flexure fixture fabricated from a glass sheet was used to apply a continuous three-point bending force to the interlayer of the CAW ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). The device was deflected to displacements of 2.0, 3.0, and 4.0 mm to mimic the application of the strain from the bending stress when correcting malposed teeth. The free length of the arch wires was 50 mm. Each experiment contained 12 groups \[three types of protein (Fb, IgG, and mucin) × four loading strain (bending distances of 0, 2.0, 3.0, and 4.0 mm)\], and there were six replicates of each group. The wires were immersed and maintained at 37 °C. After 60 days, the samples were weighed and the weight loss was calculated. The immersed solutions were collected for metal-ion detection by inductively coupled plasma optical emission spectrometry (ICP-OES) and cell cytotoxicity tests.

5.3. Electrochemical Measurements {#sec5.3}
---------------------------------

The CHI 920C electrochemical workstation was used, and the counter electrode and the reference electrode were a platinum plate and saturated calomel electrode (SCE), respectively. The exposed area for the test was 20 × 0.64 mm^2^. The electrochemical cell was immersed in a water bath to maintain the temperature at 37 ± 0.5 °C. The scan started from −1 V/SCE with a sweep rate of 1 mV/s.^[@ref23]^

5.4. Scanning Electron Microscopy Observation of the Surface Morphologies {#sec5.4}
-------------------------------------------------------------------------

After the immersion corrosion, the surface morphology of the Cu interlayer was observed using an environmental SEM. The topographical characterization of the specimens was recorded by atomic force microscopy (AFM).

5.5. Cytotoxicity Testing In Vitro {#sec5.5}
----------------------------------

The mouse fibroblast L-929 cell line was cultured at 37 °C and 5% CO~2~ to evaluate the cytotoxicity. The culture medium was Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. The solutions containing corrosion products after immersion testing were sterilized by UV irradiation for 1 h as the CAW extract. Then, part of the medium was replaced with 20 μL of corrosive solution. Simple DMEM was used as a negative control, and dimethyl sulfoxide (DMSO) was used as a positive control.^[@ref7]^ After incubation for 48 h, the activity of cell proliferation was evaluated by the cell counting kit-8 (CCK-8) test (Dojindo Molecular Technologies, Japan). The spectrophotometric absorbance was measured at 490 nm by a microplate reader (Molecular Devices). The viabilities of the cells were calculated as mean ± standard deviation with *n* = 5 per group.
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